INTRODUCTION
Osteochondrodysplasias are a heterogeneous group of conditions due to impaired development of cartilage and bone (1, 2) . Amongst them, the spondylo-epi-metaphysal dysplasias (SEMDs) represent a subgroup which includes a number of disorders each defined by the combination of vertebral, epiphyseal and metaphyseal anomalies. Various inherited defects have been identified within this group, including dominant mutations in Collagen type II in SEMD Strudwick type (MIM 184250), and recessive mutations of various proteins: a growth regulator (WISP3) in progressive pseudo-rheumatoid dysplasia (MIM 208230), a transcription initiation factor kinase (EIF2AK3) in Wolcott-Rallison syndrome (MIM 226980), perlecan (PLC) in SchwartzJampel type 1 (MIM 225800), a sulfation protein (PAPSS2) in SEMD Pakistani type (MIM 603005) and a regulator of chromatin (SMARCAL1) in Schimke immuno-osseous dysplasia (MIM 242900) (3) (4) (5) (6) (7) (8) .
Dyggve-Melchior-Clausen syndrome (DMC, MIM 223800) is an autosomal-recessive disorder characterized by the association of a spondylo-epi-metaphyseal dysplasia and mental retardation (9) . The main features are short trunk dwarfism (<À4 SD), microcephaly and psychomotor retardation (10, 11) with specific radiological appearances most likely reflecting abnormalities of the growth plates including platyspondyly (flattened vertebral bodies) with notched end plates, metaphyseal irregularities, laterally displaced capital femoral epiphyses, and small iliac wings with lacy iliac crests (12) . DMC is progressive and clinical features are reminiscent of a storage disorder, in particular Morquio's disease (MPS IV, MIM 253010) (13) , but the absence of corneal clouding, deafness, valvular disease or mucopolysacchariduria in DMC serves to differentiate the two conditions. We have recently reported the mapping of the disease gene to a short interval (1.8 cM) on chromosome 18q21.1 (Z max ¼ 9.65 at y ¼ 0 at locus D18S1126) (14) . Interestingly, a locus for Smith-McCort dysplasia (SMC, a similar SEMD to DMC but without mental retardation, MIM 223800) has simultaneously been reported on chromosome 18q12 (Z max ¼ 3.04 at locus D18S450), suggesting that the two disorders may prove to be allelic (15) . Taken together, these reports define a 1.8 cM interval encompassing the DMC/SMC locus, defined by a dinucleotide repeat within the transcript KIAA0427 and the marker D18S363. Here, we now describe seven distinct but deleterious null mutations in a gene encoding a novel protein in a cohort of patients with DMC.
RESULTS

Analysis of positional candidate genes and linkage refinement
Eight known genes and one predicted transcript were identified within the DMC critical region using publicly available sequences. Of these, four were regarded as possible candidate genes based upon known function, namely myosin Vb (MYO5B) which belongs to the class V myosin family that acts as motor for actin-dependent organelle trafficking (16), 3-oxoacyl-CoA thiolase (ACAA2) which encodes a mitochondrial enzyme catalyzing the final step of the mitochondrial fatty acid beta-oxidation (17), MAP-Kinase 4 (MAPK 4) and mothers-against-decapentaplegic-homolog 7 (MADH 7), both required for intracellular signaling. No deleterious sequence variants were identified by direct sequencing of coding regions of any of these genes nor in the four positional candidate genes, RPL17, LIPG, human CpG binding protein gene (hCGBP) and methyl CpG binding domain protein 1 (MBD1) (data not shown).
Of the 10 independently ascertained kindred investigated, seven were known to originate from Morocco. By using additional microsatellite markers, a common disease haplotype was indentified in four of these families (families [3] [4] [5] [6] . Through the identification of presumed ancestral recombination events in these chromosomes, we inferred that the DMC gene resides in an interval between KIAA0427 and D18S473 (data not shown). We next identified novel polymorphic simple tandem repeats (STSs) within this region, which included an intragenic microsatellite repeat, located within sequence from a predicted human mRNA, FLJ20071. Importantly, this informative repeat was found to be homozygous in all DMC subjects within all consanguineous families studied.
Gene characterization and mutational analysis
Initial sequence analysis of the predicted transcript FLJ20071 indicated a gene composed of nine exons. However, more detailed analysis revealed that the predicted sequence was incomplete (see Methods) and using in-silico database scanning and alignment of predicted cDNAs against genomic sequences, we found six additional exons at the 5 0 end together with two additional exons at the 3 0 end. Therefore, the gene appears to be composed of 17 exons, spanning 250 kb of genomic DNA (Fig. 1A ) and codes for a predicted protein of 669 amino acids.
Ten DMC families originating from the Middle East or North Africa were investigated by direct sequencing of the FLJ20071 transcript. We designed primers to amplify coding regions of the predicted gene and to include the exon-intron boundaries. A proband from each family was investigated by direct sequencing (primer sequences included as supplemental information). A total of seven distinct mutations were identified (Table 1 ). In the multiplex kindreds, each mutation was found to co-segregate with the disease, and was homozygous in affected offspring of consanguineous parents (Fig. 1B) . In DMC family 6, the affected individual was found to be a compound heterozygote for FLJ20071 mutant alleles. Four of the seven mutations would predict premature stop codons (R194X, R204X, L219X, Q483X). Two mutations were located at either a splice donor (exon 10) or splice acceptor site (exon 12). Finally, one mutation was a single base-pair deletion in the last exon (1877delA). This frameshift mutation predicted a 49 amino acid extension of the putative DMC protein with the last 93 amino acids being missense (K626Nþ92aa to stop). An identical mutation was identified in several families from Morocco, each sharing the same haplotype (families 3-6). An identical mutation (1252-1G>A) was identified in the two independently ascertained families, both originating from Lebanon.
DMC transcript analysis
RT-PCR analysis of the RNA transcript in fetal brain, osteoblasts, chondrocytes, osteosarcomas, chondrosarcomas, fibroblasts and lymphocytes detected a single amplification product in each of the tissues tested ( Fig. 2A) . Northern blot analysis detected two RNA species of 5.6 and 3.1 kb, that appear to be expressed at variable levels in most tissues tested (Fig. 2B) .
To further investigate the function of the DMC gene product, we carried out sequence motif and homology searches using available databases (see Methods). Blasts against databases of known proteins failed to detect any significant similarity suggesting the DMC gene product to be novel. The predicted protein contains a large number of leucine or isoleucine residues and a total of 17 repeated dileucine motifs. We also identified three putative transmembrane domains, one myristoil motif at the N terminal site, one N-glycosylation site (NSSR, þ4), two O-glycosylation sites (S40, T45) and various putative sites of phosphorylation (Fig. 3A) . Finally, a search for homologous protein sequences in various species showed that the carboxy terminal half (including a cluster of eight dileucine motifs between amino acids 285 and 558) is extremely conserved across species (Fig. 3A and B) .
Electron microscopy ultrastructural analysis
Electron microscopy analysis of the skin biopsy of an affected child revealed diffuse anomalies in all cutaneous cell types studied and particularly in fibroblasts, macrophages, mastocytes, keratinocytes, melanocytes and sweat glands. In these cells, numerous and large vacuoles containing either myelinic or osmiophilic bodies were observed (Fig. 4A-D) . Moreover, a large number of uncoated vesicles contributing to the enlargement of the vacuoles were observed in fibroblasts (Fig. 4E) . Other features included dilated endoplasmic reticulum, and enlarged lysosomes. By contrast, Golgi apparatus and mitochondria were normal.
DISCUSSION
We report nonsense, frameshift and splice mutations in FLJ20071 (a gene identified through bio-informatic sequence analysis) in Dyggve-Melchior-Clausen syndrome, an autosomal recessive skeletal dysplasia with mental retardation and we propose the name of Dymeclin for this novel gene. All but one mutations predicted the generation of a markedly truncated protein. The remaining mutant allele would probably generate an aberrant product, extended at its carboxy terminal end. Hence, this study suggests that loss of function of the DMC gene product is an important mechanism in the pathogenesis of this disease. The same mutations were identified in independently ascertained families on the background of a common haplotype on chromosome 18q21.1 supporting the hypothesis of founder effects within specific ethnic groups. By reiterative database analysis, we detected eight additional exons and northern blot analysis detected two different transcripts of 3.1 and 5.6 kb in all tissues tested (brain, lung, liver and kidney). Remembering that the clinical manifestations of DMC include skeletal features and mental retardation, it is important to note that the specific transcript was detected in chondrocytes, osteoblasts and brain from the fetal period into adulthood. The disorder is indeed progressive with an increasing severity of manifestations with time.
Based on the clinical features and the progressive nature of the physical signs, DMC has long been considered to arise from the abnormal storage of an unidentified compound. However, metabolic studies have failed to identify an underlying disease mechanism. The function of DMC gene product is yet unknown and the encoded protein does not belong to any known family. However, the high degree of conservation of the carboxy terminal end of the FLJ20071 gene product suggests that this domain plays a key role in the function of the protein.
Comparative searches failed to detect any peptide signal but strongly suggested the presence of three transmembrane domains together with a myristoil site at the amino terminal end. In a number of cases, a myristoylation signal is believed to permit the association of the protein with a membrane (18) . Moreover, a large number of dileucine motifs have been identified within the predicted protein and such motifs have been shown to be also involved in trans Golgi sorting, lysosomal targeting and internalization of a number of proteins (19) (20) (21) (22) .
Our ultrastructural findings in a variety of cutaneous cell types showed normal Golgi and mitochondria but dilated rough endoplasmic reticulum, enlarged and aberrant vacuoles and numerous vesicles. Taken together, these findings suggest that the DMC protein may have a role in digestive cellular processes. Enzymes are required to degrade extracellular material transported into the cells by endocytosis and to digest intracellular structures and macromolecules. Interestingly, biochemical and histochemical analyses in the cartilage and fibrous resting cartilage have shown increased amounts of keratan sulfate with markedly vacuolated chondrocytes and cytoplasmic inclusions (23) (24) (25) and electron microscopy of specimens of growth zone and iliac crest cartilage has also revealed widened cisternae of rough endoplasmic as well as multiple vesicles, suggesting a storage disorder (23) .
Based on homology search and electron microscopy study, we conclude that Dyggve-Melchior-Clausen syndrome is due to the loss of function of a protein, encoded by a novel gene, Dymeclin, presumably involved in the intracellular digestive process.
MATERIALS AND METHODS
Patients
Ten families were included in the study. Among them, eight have previously been reported including six inbred (families 1, 3-5, 7, 8) and two non-inbred familes (families 6 and 9) (14) . Two additional families (families 2 and 10) fulfilled the diagnostic criteria for DMC, namely short stature, microcephaly, short trunk with scoliosis and proximal limb shortening and characteristic X-ray manifestations, i.e. double hump, centrally indented vertebral bodies and lacy iliac crest. They were respectively inbred and non-inbred families. Seven families originated from Morocco (1-7), one from Tunisia (8) and two from Lebanon (9,10). All studies had approval of the relevant ethical review committees. The oligonucleotides of the FLJ20071 CA-repeat located in intron 6 were: forward, 5 0 TCA TCT CTC CCT GCA GTA C 3 0 ; and reverse, 5 0 CCT GAA TCC ACC AAC ACA G 3 0 .
Bioinformatics analysis
Computational analysis first predicted the FLJ20071 gene to span 190 kb of genomic DNA with nine exons assigned to locus 18q21.1 on the reverse strand of the chromosome (genomic clone NT_010874, Gi:22058712). Experimental evidence for expression of the putative transcript FLJ20071 was initially assessed by RT-PCR as described below. Blasting several of the predicted exons against human EST databases showed evidence that FLJ20071 has additional corresponding expressed sequences including several that were longer than initially predicted (www.ncbi.nlm.nih.gov/blast). Alignment of the ESTs against genomic sequences of chromosome 18 (clone RP11-110H1, Gi:22653599 and NT_010874, Gi:22058712) finally defined a total of 17 exons, the first of which is likely not translated (5 0 -UTR). The ATG initiator codon, flanked by a Kozak consensus, is found 53 bp downstream of the beginning of exon 2 and a polyA sequence appears on the cDNA sequence 250 bp downstream of TGA termination codon in exon 17.
To detect homologous sequences to FLJ20071 among either human known sequences or other species sequences, both nBlast and pBlast alignments were performed with different combinations of databases and full or part of FLJ20071 sequence. Multiple sequence alignments of the carboxy terminal half of FLJ20071 from different orthologs were subsequently performed using the CLUSTAL-W program (26) .
Screening the predicted protein sequence for known conserved domains, signal peptide or other motifs was performed by using multiple prediction algorithms available on the web (TopPred 
Mutation detection
Blood samples were obtained with the written consent of the patients and non-affected relatives and genomic DNA was extracted from leukocytes according to standard procedures. A series of 32 intronic primers were designed to amplify the 16 coding exons of the DMC gene. Amplification products were purified and sequenced by using the fluorescent dideoxyterminator method on an automatic sequencer ABI 377. Silverstaining SSCP was performed to follow the segregation of the identified mutation with the disease in families.
RT-PCR analysis
Total RNAs were extracted using the RNeasy Mini Kit (Qiagen GmbH, Hilden), from either human primary cultured cells (dermal fibroblasts, calvarial osteoblasts, fetal chondrocytes and leukocytes) or human tissues (fetal brain stem, chondrosarcoma and osteosarcoma). Fetal brain cDNA was of commercial origin (Clontech Laboratories, Palo Alto, CA, USA). Complementary DNA was synthesized by priming with random hexamers in the presence of MuLV reverse transcriptase using the manufacturer's protocol (GeneAmp RNA PCR Core Kit, Roche GmbH, Mannheim). Thirty-five to 40 PCR cycles were performed at the annealing temperature of 56 C to amplify a 275 bp fragment specific for the DMC gene (sense and antisense primers were chosen within exon 7 and 9, respectively: 5 0 -AAGAAGTTT-TGCGACAGAGC-3 0 and 5 0 -GGCCAGAGGGGAAGAAAG-3 0 ). Sense and antisense primers used for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) amplification were as follows: 5 0 -CATGTGGGCCATGAGGTCCACCAC-3 0 and 5 0 -TGAAGGTCGGAGTCAACGGATTTGGT-3 0 .
Northern blot analysis
Pre-made northern blot containing 2 mg of poly(A)þRNA per lane from four human fetal tissues (brain, lung, liver and kidney) was used (Clontech Laboratories). A 0.85 kb cDNA fragment corresponding to the 5 0 -end of the DMC transcript was obtained by amplification of calvarial osteoblast cDNA (antisense primer was the same as used in RT-PCR analyses and sense primer was chosen within exon 2: 5 0 -ATGGGATCGAATAGCAGCAG-3 0 ). This fragment was then purified, labeled by random priming (Amersham Pharmacia Biotech, Buckinghamshire, UK) and hybridized overnight in hybridization buffer at 42 C. The blot was washed three times at 42 C with 2Â SSC : 0.1% SDS for 15 min and once under more stringent conditions at 65 C with 0.1Â SSC : 0.1% SDS for 20 min. The blot was then exposed to Kodak X-Omat film with an intensifying screen at À80 C.
Electron microscopy
Following informed consent, a DMC patient underwent a 4 mm punch biopsy including the dermis. The sample was fixed in 2.5% glutaraldehyde, post-fixed in 1% osmium-tetroxyde, dehydrated in a graded ethanol series and embedded in epon 812. Semi-thin sections (1 mm) were stained with toluidine blue. Ultra-thin sections were selected, contrasted with uranyl acetate and lead citrate and examined with a Philips EM 300 transmission electron microscope.
